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PTEN phosphatase mediates several developmental cues involving cell proliferation, growth, death, and migration. We investigated the
function of the PTEN gene at the transition from the cell proliferation state to morphogenesis around the midblastula transition (MBT) and
gastrulation in Xenopus embryos. An immunoblotting analysis indicated that PTEN expresses constantly through embryogenesis. By up- or down-
regulating PTEN activity using overexpression of the active form or C terminus of PTEN before MBT, we induced elongation of the cell cycle
time just before MBT or maintained its speed even after MBT, respectively. The disruption of the cell cycle time by changing the activity of PTEN
delayed gastrulation after MBT. In addition, PTEN began to localize to the plasma membranes and nuclei at MBT. Overexpression of a membrane-
localizing mutant of PTEN caused dephosphorylation of Akt, whereas overexpression of the C terminus of PTEN caused phosphorylation of Akt
and inhibited the localization of EGFP-PTEN to the plasma membranes and nuclei. These results indicate that an appropriate PTEN activity,
probably regulated by its differential localization, is necessary for coordinating cell proliferation and early morphogenesis.
© 2006 Elsevier Inc. All rights reserved.Keywords: PTEN; Gastrulation; Midblastula transition (MBT); Cell proliferation; XenopusIntroduction
In the embryogenesis of all metazoans, the cell number of the
embryo increases to a level at which the cells then move to the
correct positions for morphogenesis. In many animals, cells
proliferate by rapid and synchronous divisions called cleavages
during early embryogenesis. Following this stage, in frog and
zebrafish embryos, elongation of the cell cycle time and loss of
synchrony begin at the midblastula transition (MBT) when the
activation of transcription and cell motility occurs (Graham and
Morgan, 1966; Newport and Kirschner, 1982; Edgar et al.,
1986; Kane and Kimmel, 1993; Masui and Wang, 1998). After
MBT, a large-scale and coordinated cell movement occurs
during gastrulation, and this movement is considered to be one
of the most important morphogenetic cell movements for
normal embryogenesis (Holtfreter, 1944; Keller and Danilchik,
1988; Beetschen, 2001; Ewald et al., 2004).⁎ Corresponding author. Fax: +81 83 933 5724.
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doi:10.1016/j.ydbio.2006.06.001In frog embryos, elongation of the cell cycle time is
generated by both S and M phase extension after MBT,
followed by the appearance of the G1 phase and the G2 phase
(Graham and Morgan, 1966; Frederick and Andrews, 1994). It
has been demonstrated that the cell cycle times of blastomeres
remain the same regardless of their cell size until they reach the
critical cell size of about 37.5 μm in radius, at which point their
cell cycle times lengthen in proportion to the inverse square of
the cell radius after MBT (Wang et al., 2000). Thus, the cell
cycles of blastomeres become asynchronous due to variations in
the cell size after MBT. Furthermore, we recently demonstrated
that the asynchronous divisions are caused by variations in the
lengths of the cell cycle phases, beginning with prolongation of
the S and M phases, which is inversely proportional to the
blastomere sizes, followed by the appearance of the G2 and G1
phases (Iwao et al., 2005).
One possible means of S phase extension is via a decrease the
rate of DNA synthesis by cyclin E degradation at MBT (Howe
and Newport, 1996; Hartley et al., 1997). In addition, it is known
that two isoforms of Cdc6 (Xcdc6A and Xcdc6B) play essential
roles in the licensing of DNA replication (Tikhmyanova and
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seems to be involved in S phase extension. The appearance of the
G2 phase is caused by Cdc25A degradation by transiently
activated Chk1 at MBT (Shimuta et al., 2002). In addition, the
decrease of cdk1 kinase activity by the appearance of Wee1B,
which has a stronger kinase activity than Wee1A, seems to be
involved in the M phase extension and appearance of the G2
phase after gastrulation (Okamoto et al., 2002). The maternal
Wee1A, which expresses until the early gastrula stage (Okamoto
et al., 2002), is also necessary for further development because
the depletion of Wee1A protein disrupts gastrulation (Murakami
et al., 2004). In addition, the cell migration necessary for
morphogenesis occurs during the G1 phase, but not during the
G2 phase (Ratner et al., 1988; Bonneton et al., 1999; Walmod et
al., 2004). Thus, the disruption of gastrulation by Wee1A
depletion seems to be an indirect effect of the loss of the G2
phase before gastrulation. In fact, embryos in which the
appearance of the G2 phase is inhibited at MBT by Chk1
down-regulation are known to invariably die at the early gastrula
stage (Shimuta et al., 2002; Carter and Sible, 2003). Xic family
proteins (Cip/Kip-type cdk inhibitor of Xenopus) expressing
after the early gastrula stage might be involved in the appearance
of the G1 phase. However, the expressions of Xics are mainly
restricted to the central nervous system and somites, suggesting
that they play important roles in neurogenesis and myogenesis
(Vernon and Philpott, 2003a; Vernon et al., 2003; Daniels et al.,
2004). It is unclear, however, just how cell migration in the G1
phase is maintained during gastrulation.
It has been reported that PTEN phosphatase regulates several
developmental cues involved in cell proliferation, growth, death,
and migration (Yamada and Araki, 2001; Kishimoto et al., 2003;
Sulis and Parsons, 2003; Stiles et al., 2004). Interestingly,
PTEN-deficient mice embryos are known to die at the blastocyst
stage (Di Cristofano et al., 1998; Podsypanina et al., 1999),
although the role of PTEN in early embryos has yet to be
investigated in detail. In previous studies, PTEN was shown to
be involved in the arrest of the cell cycle at the G1 phase
(Ramaswamy et al., 1999; Sun et al., 1999; Ginn-Pease and Eng,
2003). PTEN causes the down-regulation of cyclin D1 in the
nucleus to arrest the cell cycle at the G1 phase (Radu et al.,
2003). Because, during mitosis, cells require the assembly and
disassembly of a complex microtuble network for DNA
segregation, and the remodeling of an actin network for
cytokinesis, the cells do not move smoothly during the M
phase (Duncan and Su, 2004), or in the late S and G2 phases
(Ratner et al., 1988; Bonneton et al., 1999; Walmod et al., 2004).
It is possible that PTEN arrests the cell cycle at the G1 phase to
make the cells move early during morphogenesis at gastrulation.
PTEN also directly controls cell migration and has been
shown to suppress cell migration in a variety of mammalian cell
types (Tamura et al., 1998, 1999; Li et al., 2002; Marino et al.,
2002). PTEN-null mouse fibroblasts also show enhanced rates
of migration, which are reduced by the reintroduction of PTEN
(Liliental et al., 2000). Otherwise, in Dictyostelium, PTEN-null
cells are unable to move toward a cAMP chemoattractant
(Iijima and Devreotes, 2002). PTEN dissociates from the front
edge of the membrane and localizes posteriorly, which isimportant in determining the direction of cell migration (Sulis
and Parsons, 2003). Thus, the expression or proper localization
of PTEN in frog embryos possibly regulates cell migration or its
direction during gastrulation.
Although the sequence of the Xenopus PTEN gene has been
reported (Lee et al., 1999), its function in embryogenesis
remains unclear. In the present report, we demonstrated that the
adequate activity of PTEN plays an important role in the normal
development after MBT to harmonize cell cycle elongation and
dynamic morphogenesis during gastrulation.
Materials and methods
Construction of cDNA and recombinant plasmids
A cDNA fragment of a Xenopus PTEN (PTEN fragment) was isolated
by PCR of a Xenopus oocyte cDNA library by using XbaI site-containing 5′
primer 5′-CGCTCTAGAATGACCGCCATCATCAAGG-3′ and 3′ primer 5′-
CGCTCTAGATTAGACTTTTGTAATTTGTGTGAT-3′ (GenBank accession
no. AF144732). To construct a myc-tagged wild-type PTEN (PTEN-WT) or
an EGFP-conjugated PTEN (EGFP-PTEN), we subcloned the XbaI-cut
PTEN fragment into the XbaI-cut pT7G (UKII+)-3xMyc (N-terminally
tagged with three consecutive Myc epitopes) or into the XbaI-cut pT7G
(UKII+)-L-EGFP (Iwao et al., 2005). A mutant with an enhanced plasma
membrane localization signal (Thr382→Ala) was constructed by site-directed
mutagenesis using appropriate primers from PTEN-WT as a template. A
phosphatase domain-only (PTEN-PD) or a phosphatase domain-truncated
(PTEN-Cter-TA) mutant was made using a PCR-based method with
appropriate primers and constructed in the way similar to PTEN-WT. All
construct was cut singly at the NotI site, located downstream of the poly(A)
tail, and then transcribed in vitro by using the MEGA Script T7 Kit
(Ambion) with Cap analog (NEB).
Microinjection and embryology
Fertilized Xenopus eggs were obtained by insemination in vitro and were
dejellied in a cysteine solution (3% L-cysteine hydrochloride monohydrate, 1%
NaOH, pH 8.5) and maintained in 30%modified Barth's solution (MBS; 88 mM
NaCl, 1 mM KCl, 2.4 mM NaHCO3, 0.82 mM MgSO4, 0.33 mM Ca(NO3)2,
0.41 mM CaCl2, 10 mM HEPES-NaOH, pH 7.6). For the overexpression of
PTEN proteins or the adequate level expression of EGFP-conjugated PTEN
protein, 4.6 ng or 230 pg mRNAwas microinjected into one-cell stage embryos
in 30% modified Barth's solution with 4% Ficoll, respectively. The injected
embryos were maintained in 30% MBS until 128-cell stage and then transferred
to 10% MBS. The stage of embryos was determined according to Nieuwkoop
and Faber (1967).
Antibodies and Western blot analysis
The antibody against Xenopus PTEN was raised by immunization of a rabbit
with a Xenopus PTEN C-terminal fragment (PTEN-His; 230–402 amino acid)
bacterially produced by standard methods. Routinely, the amount of proteins
equivalent to one embryo was subjected to Western blot analysis with anti-
Xenopus PTEN antibody, anti-Akt antibody (100-401-401, COSMO BIO), or
anti-pAkt antibody (specific pS473, 600-401-268, COSMO BIO) at a 1:1000
dilution. The signals were detected with anti-rabbit IgG goat antibody, HRP-
conjugated (A-6667, SIGMA) at a 1:10 000 or 1:5000 dilution, and enhanced
chemiluminescence system (ECL+; Amersham). The density of the bands in the
blots was analyzed with Image J (NIH).
Culture of dissociated blastomeres and measurements of progression
in gastrulation
The culture and statistics of dissociated blastomeres was performed by the
methods according to Wang et al. (2000). To dissociate blastomeres, we
Fig. 1. Changes in expression and activity of PTEN during embryogenesis. (A)
The anti-Xenopus PTEN antibody (anti-PTEN) recognized PTEN protein by
Western blot, but pre-immune serum (pre) did not. (B) PTEN antibody
specificity. The anti-PTEN recognized endogenous PTEN (endo), exogenous
PTEN (PTEN-WT), and bacterially expressed PTEN (PTEN-His) whereas the
anti-PTEN that had been mixed with PTEN-His (anti-PTEN+PTEN-His) did not
recognize them. (C) The constant expression of PTEN proteins. Proteins
equivalent to one embryo were analyzed by Western blot with anti-Xenopus
PTEN antibody. (D) The changes in PTEN activity. Akt expression and Akt
phosphorylation (p-Akt) were analyzed by Western blot with anti-Akt antibody
and anti-P-Ser474 of Akt antibody. PTEN was activated during gastrulation
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NaCl, 2.4 mM KCl, 0.63 mM Na2HPO4, 0.14 mM KH2PO4, 1.9 mM Na2SO4,
0.5 mM CaCl2, 0.5 mM MgCl2, 1 mM 1.9 mM EDTA, 0.1% BSA, 0.1%
dimethyl sulfoxide, pH 8.3) and maintained at 20°C. Fertilization membranes
were manually removed with fine forceps, and blastomeres of the animal
hemispheres were isolated with a fine glass rod. To culture the blastomeres, we
transferred each blastomere with a small glass pipette into a droplet (4 μl) of the
low Ca Stearn's solution as a culture medium that had been placed on a spot on
the bottom of plastic-based culture dish coated with a dry layer of laminin and
fibronectin. The droplets were covered with mineral oil and the dish was set on
the stage of an inverted microscope, and the behavior of blastomeres was
recorded by time-lapse imaging using a digital camera. Cell sizes were
determined by measuring diameters of the blastomeres when they rounded up a
few minutes before the appearance of the cleavage furrow. Timings of cell
divisions were determined by observing the appearance of cleavage furrows. To
measure the blastopore size, we placed the vegetal hemispheres of the embryos
on a clear plastic dish and we photographed it by a digital scanner at high
resolution. The ratio between the diameter of blastopores and the diameter of
embryos was calculated as the indicator in the progression of gastrulation.
Whole-mount immunohistochemistry
Embryos were fixed overnight at −30°C in 100% methanol and stored until
use. Fixed embryos were blocked for 1 h at room temperature in 10% goat serum
in TBS-N (Tris-buffered saline with 0.1% NP-40, pH 7.4) and then treated with
anti-PTEN antibody at a 1:200 dilution for 24 h at 4°C in TBS-N with 2% BSA.
After washing with TBS-N (12 h, three times), they were treated with anti-rabbit
Alexa546 (Invitrogen) at a 1:400 dilution for 24 h at 4°C. After thorough
washing, the specimens were stained with 1 μM SYTOX green (Invitrogen) for
30 min and washed and were dehydrated with 100% methanol (90 min, three
times) at room temperature and stored at −30°C until observation. They were
cleared with BA/BB solution (benzyl alcohol: Benzyl Bezonate; 1:2) just before
observation, and the images were taken with a confocal laser-scanning
microscope (LSM510 Carl Zeiss).
Imaging of cellular localization of EGFP-PTEN
The one-cell embryos were microinjected with several types of mRNAs of
EGFP-conjugated PTEN and then cultured until stage 23. The fertilization
membranes of embryos were manually removed, and the embryos were placed
on a glass base-dish (3910-035, IWAKI). The images of EGFP were taken with
the confocal laser-scanning microscope. The epithelial cells were scanned with
4-μm-thick optical sections.(stages 10–16). (E) The relative change in the amount of PTEN, Akt, p-Akt, and
a ratio between p-Akt and Akt, based on the amount at stage 8 (n = 3).
Nieuwkoop–Faber (N/F) stages are shown at the bottom.Results
Changes in expression and activity of PTEN during
embryogenesis
To examine changes in the expression of PTEN protein
during embryogenesis, we determined the amount of PTEN
protein in each embryo by Western blot with the antibody
raised by bacterially produced Xenopus PTEN protein.
Because PTEN protein was maternally expressed, a 55-kDa
PTEN was detected both before and after MBT (Fig. 1C).
Because PTEN reportedly dephosphorylates PIP3 to inactivate
the PI3K pathway, resulting in dephosphorylation of Akt
(Yamada and Araki, 2001; Stiles et al., 2004), we analyzed
the level of the expression or activity of Akt protein by anti-
Akt or anti-phosphorylated Akt (pAkt) antibody to examine
the developmental activity pattern of PTEN protein. The
amount of Akt protein increased slightly after neurula (stage
14), whereas that of Akt protein was slightly dephosphory-lated during gastrulation at stages 10–16 (Figs. 1D and E).
These results indicate that PTEN protein was partially
activated during gastrulation.
Involvement of PTEN in elongation of cell cycle at MBT
Above, we established the possibility of a partial PTEN
activation during gastrulation after MBT. At this time, the
cell cycle time in each of the blastomeres lengthens and they
divide asynchronously after MBT. To examine the involve-
ment of PTEN in the cell cycle elongation, we injected
several types of PTEN mRNA (PTEN-PD, PTEN-T382A, or
PTEN-Cter-T382A; see Fig. 2A) into each one-cell embryo
to change the PTEN activity. PTEN has a C-terminal tail
containing phosphorylation sites whose dephosphorylation is
necessary for its localization to plasma membranes (Wu et
al., 2000; Tolkacheva et al., 2001; Das et al., 2003). PTEN-
Fig. 2. Overexpression of PTEN tail mutants altered the level of Akt
phosphorylation. (A) A schematic illustration of mRNA constructs used for
exogenous PTEN expression by mRNA injection into one-cell stage embryos.
Myc, three Myc tags; T, phosphorylation site of Thr382 that is equivalent to
Thr383 in mouse PTEN; A, substitution of Ala for Thr. (B) Ser474
phosphorylation of Akt (p-Akt). Embryos ectopically expressing PTEN-PD,
PTEN-T382A, or PTEN-Cter-T382A were analyzed as in Fig. 1B at the
indicated stages. The Akt was dephosphorylated at stages 10–12 in PTEN-PD-
expressed embryos, as in the non-injected embryos. In PTEN-T382A-expressed
embryos, Akt was more dephosphorylated, whereas in PTEN-Cter-T382A-
expressed embryos, Akt dephosphorylation was inhibited. Nieuwkoop–Faber
(N/F) stages are shown at the bottom.
Fig. 3. Correlation between cell size and cell cycle time in dissociated
blastomeres. PTEN-T382A (red circles) or PTEN-Cter-T382A (blue
triangles) shows the cell cycle times of dissociated blastomeres derived
from embryos that had been injected with mRNA of PTEN-T382A or
PTEN-Cter-T382A at the one-cell stage, respectively. All embryos were
collected from the same female, blastomeres of nearly the same size were
selected at the same time, and three types of blastomeres (none, PTEN-
T382A, and PTEN-Cter-T382A) were dropped into the same droplet for
culture. The cell radius was measured just before each cell division, and the
cell cycle time was recorded between the points at which the cleavage
furrows appeared. Open shapes represent the cell size-independent phase,
and closed shapes represent the cell size-dependent phase. (A) The increase
of PTEN activity (PTEN-T382A) enhanced elongation of the cell cycle times
just before MBT (closed red circles). Conversely, the decrease of PTEN
activity (PTEN-Cter-T382A) caused delay in the increase of the cell cycle
after MBT (closed blue triangles). (B) The enhancement of the elongation of
the cell cycle times by PTEN-T382A occurred dose-dependently. The earlier
elongation of the cell cycle times was induced by high concentration of
PTEN-T382A (4.6 ng, red circle) than by low concentration of PTEN-
T382A (920 pg, orange circle).
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PTEN-Cter-T382A without a phosphatase domain functions
as a dominant-negative form. The endogenous Akt was
dephosphorylated slightly at stages 10–12 in PTEN-PD-
expressed embryos, as was observed in the non-injected
embryos (Fig. 2B), indicating normal PTEN activation (i.e.,
Akt dephosphorylation) after MBT in the PTEN-PD-
expressed embryos. In the PTEN-T382A-expressing
embryos, the dephosphorylation of Akt occurred earlier
after stage 8.5. In contrast, PTEN-Cter-T382A expression
inhibited Akt dephosphorylation at stages 10–12, i.e., there
was inactivation of the PTEN activity. To investigate the role
of PTEN in the regulation of cell proliferation, we injected
two types of PTEN mRNA (PTEN-T382A or PTEN-Cter-
T382A) into one-cell embryos. These alterations of PTEN
activity did not affect the cell divisions during the cleavage
stage before MBT (data not shown). To identify any changes
in the relationship between the elongation of the cell cycle
times and the cell sizes after MBT, we measured the radius
of each blastomere and its cell cycle time in the next cell
division (Fig. 3). The dissociated, non-injected blastomeres
continued to undergo cell divisions with cell cycle times of
about 30–40 min until the radius of the average blastomere
became less than 40 μm, i.e., before MBT, but the cell cycle
times increased in inverse relation to the cell size after MBT
(Fig. 3). The increase of PTEN activity by PTEN-T382A
expression caused elongation of the cell cycle times just
before MBT relative to the non-injected blastomeres (Fig.3A), which occurred in a dose-dependent manner (Fig. 3B).
Conversely, the decrease of PTEN activity by PTEN-Cter-
T382A expression delayed the initiation of cell cycle
elongation and slowed the increase of the cell cycle times
after MBT (Fig. 3A). These results indicate that PTEN
activity regulates the elongation of the cell cycle times after
MBT.
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activities
To determine whether the precise regulation of the cell cycle
by PTEN aroundMBT is required for normal embryogenesis, we
next investigated the role of PTEN activity in the earliest
morphogenesis of gastrulation. After the injection of each PTEN
mRNA at the one-cell stage, the progression in gastrulation was
determined by measuring the ratio between the sizes of the
blastopores and whole embryos (Fig. 4). We found that either an
increase or a decrease in PTEN activity (PTEN-T382A or
PTEN-Cter-T382A) delayed the progression of gastrulation
(Fig. 4), and that these effects were significantly different from
negative control embryos (PTEN-PD). The increase or decrease
of PTEN activity caused earlier or later elongation of cell cycle
times around MBT, respectively, and either change delayed
gastrulation. These results suggest that the precise regulation ofFig. 4. Alteration of PTEN activity caused a delay in progression of gastrulation.
The embryos were injected with mRNA of either PTEN-PD, PTEN-WT, PTEN-
T382A, or PTEN-Cter-T382A at the one-cell stage. The progression of
gastrulation was determined by measuring the ratio between the size of the
blastopores and that of the whole embryos (number of embryos: none, n = 95;
PTEN-PD, n = 93; PTEN-WT, n = 84; PTEN-T382A, n = 41; PTEN-Cter-
T382A, n = 77) at 11 h, 14 h, and 15.5 h after fertilization. No lip, embryos
before gastrulation; lip, embryos with crescent-like blastopore lips. The
progression of gastrulation significantly delayed in the embryos injected with
PTEN-T382A, PTEN-WT, or PTEN-Cter-T382A in comparison with non-
injected embryos (*P < 0.00001, Student's t test), but not in the embryos
injected with PTEN-PD (**P > 0.01) at 15.5 h after fertilization.cell cycles by adequate PTEN activity after MBT is necessary for
the normal progression of gastrulation. The development after
gastrulation was also delayed in the embryos injected with the
mutant PTEN mRNA, but most of the injected embryos
continued to develop up to the early tadpole stage.
PTEN localization to plasma membranes or nuclei after MBT
Because PTEN activity is regulated by its cellular localization,
we analyzed the localization of PTEN during embryogenesis using
immunocytochemistry. At themorula (stage 6), themost PTENwas
detected in the cytoplasm of the blastomeres, but some PTEN was
localized near the plasma membranes (Figs. 5A and F). At MBT
(stage 8.5), the localization of PTEN to the plasma membranes was
more pronounced, and dotlike accumulations of PTEN were
observed in the nuclei (Figs. 5B, G, L, and Q). However, the PTEN
activity was still relatively weak in these embryos (Fig. 1),
indicating that the amount of PTEN localized to the plasma
membranes or nuclei at MBTwas insufficient to inactivate Akt. At
the early gastrula stage, the localization of PTEN to the plasma
membranes was not changed, but the dotlike accumulations in the
nuclei were assembled into two large spots, which were probably
nucleoli (Figs. 5C, H, M, and R). PTEN activation at this stage is
probably dependent on the localization changes at the nuclei. After
the gastrula stage (Figs. 5D, I, N, and S), these patterns of PTEN
localization remained essentially unchanged until the tail bud stage
(Figs. 5E, J, O, and T). These results suggest that PTEN becomes
active after MBT by localization to the nuclei, and that its activity
becomes sufficient to dephosphorylate Akt during gastrulation.
Phosphorylation of the PTEN tail alters subcellular
localization
Because the localization and function of PTEN are known to
be regulated by the phosphorylation state at Thr 382, which is
equivalent to Thr383 in mouse PTEN (Lee et al., 1999;
Tolkacheva et al., 2001; Vazquez et al., 2001), we determined
whether the PTEN localization and activation in Xenopus depend
on the phosphorylation of Thr 382 in PTEN. EGFP-PTEN or
EGFP-PTEN-T382A, a mimicked phosphorylation form at Thr
382, was expressed into embryos and the localization of PTEN
was examined at the neurula stage. EGFP-PTEN-T382A
localized to the plasma membranes and nuclei more intensely
than EGFP-PTEN (compare Figs. 6B left and middle). The Akt
phosphorylation decreased in PTEN-T382A-expressing embryos
(Fig. 2B), indicating PTEN activation. Conversely, the over-
expression of PTEN-Cter-T382A inhibited the localization of co-
expressed EGFP-PTEN to the plasmamembranes and nuclei (Fig.
6B right) and increased the level of Akt phosphorylation (Fig.
2B). The phosphorylation of the PTEN tail altered its subcellular
localization, and probably its activity.
Discussion
To determine the role of PTEN in the coordinated regulation
between the cell cycle and morphogenesis, we analyzed PTEN
function during Xenopus embryogenesis by using dissociated
Fig. 5. Localization of endogenous PTEN proteins during embryogenesis. PTEN localization was determined by confocal fluorescent microscopy with anti-Xenopus-
PTEN antibody. Optical cross sections of embryos at morula (N/F stage 6) (A, F, K, P, U), at MBT (stage 8.5) (B, G, L, Q, V), at early gastrula (stage 10) (C, H, M, R,
W), at mid-gastrula (stage 12) (D, I, N, S, X), and at tail bud (stage 29/30) (E, J, O, T, Y). Left panels (A–J) showed anti-PTEN antibody-staining embryos. Panels in
the right row (F–J) showed higher magnification of squares than in panels in the left row (A–E), and inserts (g–j) showed localization of PTEN in the nuclei. PTEN
localization near the plasma membrane (arrow) appeared before MBT, and the accumulation in the nuclei (arrowhead) was observed at MBT. Double staining with
anti-PTEN antibody and Sytox green (anti-PTEN+Sytox) showed dotlike localization of PTEN (red) in the nuclei (green). Scale bar, 100 μm (A–E, white), 50 μm
(F–J, white), 10 μm (green).
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PTEN mRNAs. We demonstrated that adequate PTEN activity is
necessary for development after MBT to harmonize the cell cycle
elongation with the dynamic morphogenesis during gastrulation.
PTEN is required for cell cycle elongation after MBT
In the present report, we showed that PTENwas necessary for
cell cycle elongation after MBT. In addition, the localization ofPTEN to the nucleus corresponded well to the PTEN activation
after MBT. However, when exogenous PTEN was expressed in
cleaving embryos, the cell cycle progressed normally untilMBT.
It was previously reported that PTEN activation causes a
decrease in the amount of cyclin D1 in the nucleus and increase
in the amount of Kip1, which results in cell cycle arrest at the G1
phase (Sun et al., 1999; Radu et al., 2003). Because neither
cyclin D1 nor Xic family proteins express before MBT in Xe-
nopus embryos (Vernon and Philpott, 2003a,b; Daniels et al.,
Fig. 6. Phosphorylation of the PTEN tail altered its subcellular localization. (A) A schematic illustration of mRNA constructs used for exogenous expression of EGFP-
conjugated PTEN. EGFP, EGFP tag; Link, Linker tag. (B) EGFP-PTEN localizations to the epithelial cells of embryos at stage 23. A larger amount of EGFP-PTEN-
T382A localized than that of EGFP-PTEN to the plasma membranes (arrow) and nuclei (arrowhead). Overexpression of PTEN Cter-T382A disturbed the subcellular
localization of EGFP-PTEN. Scale bar, 25 μm.
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not affect the progression of the cell cycle.
By up- or down-regulating PTEN activity using overexpression
of the active form or C terminus of PTEN before MBT, the cell
cycle time was elongated just before MBT or remained fast even
after MBT, respectively. In Xenopus embryos, the characteristics of
the cell cycle undergo a marked transition after MBT. We recently
showed that the cell cycle times in individual blastomeres were
elongated by S andM phase extension in relation to the blastomere
sizes, followed by the appearance of the G2 phase, and then the G1
phase (Iwao et al., 2005). Because the G1 phase appears markedly
at the cell cycle time of around 150min, so the cell cycle elongation
by PTEN mutants is probably mainly due to elongation of the
earlier G1 phase. During neurogenesis and myogenesis, Xic family
proteins may inactivate the cyclin E/Cdk2 and cause G1 arrest. We
consider that PTEN, which is known to be a negative cell cycle
regulator at theG1 phase, is also necessary for the appearance of the
G1 phase afterMBT. The present findings indicate that PTEN is the
most likely candidate responsible for the appearance of the G1
phase after MBT. At gastrulation, cyclin D begins to express
(Vernon and Philpott, 2003b), so that PTEN localization to the
nuclei might also be involved in the degradation of cyclin D in the
nuclei, which produces the G1 phase arrest.
In addition, PTEN might be involved in the elongation of
other phases because the duration of both the S and M phases is
known to increase after MBT in proportional to total cell cycle
times (Iwao et al., 2005). The inactivation of Cdk1 kinase after
MBT by phosphorylation at Tyr15 (Hartley et al., 1996; Kim et
al., 1999), with the activity of Wee1 (Heald et al., 1993; Baldin
and Ducommun, 1995; Okamoto et al., 2002), seems to be
involved in the extension of the M phase and the appearance of
the G2 phase. The extension of the S phase is probably caused
by the degradation of cyclin E1 at MBT (Howe and Newport,
1996; Hartley et al., 1997). In addition, the disappearance of
Xcdc6A, which is essential for licensing DNA replication,
following MBT (Tikhmyanova and Coleman, 2003) might play
a role in extending the S phase. The appearance of the G2 phase
at MBT may be triggered by the inactivation and/or destruction
of Cdc25. Cdc25A is known to degrade before MBT (Kim et
al., 1999; Shimuta et al., 2002) and can be inactivated bytransient activation of Chk1 kinase at MBT (Shimuta et al.,
2002; Uto et al., 2004). Thus, we decided to investigate the
relationship between PTEN and those regulatory molecules in
respect to cell cycle elongation after MBT.
PTEN localizes to the plasma membranes and the nuclei
We have demonstrated that endogenous PTEN localizes to
the plasma membrane and the nuclei and, in particular, to the
nucleolus-like structures. During Xenopus development, the
nucleolar domains appear in the nuclei at MBT as scattered
nucleolus materials before gathering into two foci after MBT.
Interestingly, fibrillarin, a major protein for the building process
of nucleoli, is localized to dotlike structures before MBT and
then accumulates into two foci after MBT (Verheggen et al.,
1998). This corresponds well to the localization of PTEN to the
nucleus at MBT. In this connection, it was previously reported
that, in MCF-7 cells, the phosphorylation of insulin receptor
substrate-1 (IRS-1) is repressed by the ectopic expression of
PTEN, which causes the inactivation of MAPK downstream of
the IRS-1 pathway to decrease the cyclin D1 level (Weng et al.,
2001). Because IRS-1 localizes to the nuclei and nucleoli (Sun
et al., 2003), the PTEN localized to the Xenopus nucleoli is
possibly involved in dephosphorylation of IRS-1 and may cause
a decrease in the cyclin D1 level.
The localization of EGFP-PTEN not only in the plasma
membranes but also in the nuclei was inhibited by the
overexpression of PTEN-Cter. It was recently reported that
PTEN can enter into the nucleus by diffusion, but the N-
terminus signal is necessary for its retention there (Liu et al.,
2005). In addition, PTEN reportedly has several NLS-like
sequences in the middle region (Chung et al., 2005). Because
the PTEN-Cter construct used in the present study contains
some NLS-like sequences, the overexpression of PTEN-Cter
might have inhibited the nuclear localization of endogenous
PTEN. These results suggest that the NLS-like sequences are
also important for PTEN localization during Xenopus embry-
ogenesis. To better understand the function of PTEN during
embryogenesis, it is worth to investigate the mechanism of
regulation in PTEN localization around MBT. The further
281S. Ueno et al. / Developmental Biology 297 (2006) 274–283investigation should be necessary to demonstrate the detailed
behavior of active PTEN in the embryos because the activity of
PTEN was only able to be monitored indirectly through the
phosphorylation state of Akt.
The mechanism of coordination of cell cycle regulation with
the progression of gastrulation
We demonstrated that altered PTEN activity can delay
gastrulation, and a previous study reported that a PTEN-
deficient cellular slime mold can move, although slowly, and
that the localization of PTEN opposite to the direction of
migration disappears (Iijima and Devreotes, 2002; Iijima et al.,
2002). It is expected that the disturbance of PTEN localization
in the blastomeres retards cell migration at gastrulation.
However, in the present study we detected no difference in
endogenous PTEN localization toward the direction of the cell
migration in normal embryos. Further, the disruption of cell
cycle regulation around MBT seems to be involved in the
progression of gastrulation. It has been shown that the
morphogenesis at the beginning of gastrulation requires
Wee1-mediated inhibition of cell proliferation (Murakami et
al., 2004). The cells at the M phase cannot move smoothly
because of the cytoskeletal rearrangements for mitosis, so that
the increased mitotic index disrupts gastrulation (Duncan and
Su, 2004). The activated PTEN retards the cell cycle after MBT
by, most probably, early arresting at the G1 phase and causes the
formation of larger cells at gastrulation. This enlarged cell size
might inhibit their smooth movement at gastrulation. In
contrast, the inactivated PTEN activity probably accelerates
the exit from the G1 phase, thereby increasing the mitotic index.
These cells at the mitotic phase are considered to have difficultyFig. 7. A model of PTEN-mediated coordination between cell proliferation and morp
to the plasma membrane and nuclei at MBT and then functions after MBT. Mainten
move smoothly during gastrulation. See the text for details.with smooth movement. Thus, we suggest that both up- and
down-regulated PTEN activity can disrupt cell migration and
delay gastrulation (Fig. 7).
Possible roles of PTEN during embryogenesis
In the present study, the down-regulated PTEN activity
induced by the overexpression of mutated PTEN retarded
gastrulation, but it did not arrest development. This was
probably due to the activity of endogenous PTEN remaining
even after the overexpression of mutant PTEN. In zebra fish
embryos, the down-regulation of PTEN activity by antisense
Morpholino caused several developmental defects, without
being lethal (Croushore et al., 2005). In contrast, PTEN-
deficient mice die during embryogenesis. This disagreement in
the literature might reflect differences in the procedures used in
these experiments. In the case of the overexpression of mutated
PTEN or injection of Morpholino, it is possible that the activity
or the protein of normal PTEN remains partially in the embryo.
In fact, PTEN protein has been shown to remain even after
treatment with Morpholino in vitro (Croushore et al., 2005).
Complete inactivation of PTEN may be lethal for the embryo at
gastrulation in both Xenopus and zebrafish.
The multiple Wnt signals play key roles in cell polarization
and migration during embryogenesis via a planer cell polarity
(PCP) pathway, which plays a key role in the orientation of cell
migration (Peifer and McEwen, 2002; Wallingford et al., 2002).
Rho is activated downstream of this pathway during Xenopus
gastrulation (Habas et al., 2001). PI3K activates the Rac
pathway to polymerize actin and establish a new leading edge of
the cell during chemotaxis (Merlot and Firtel, 2003). Rho and
Rac coordinate several aspects of regulation of the actinhogenesis necessary for gastrulation. PTEN (indicated as gray) begins to localize
ance of the cells at interphase (probably at G1 phase) by PTEN enables them to
282 S. Ueno et al. / Developmental Biology 297 (2006) 274–283cytoskeleton during cell migration (Burridge and Wennerberg,
2004); the activation of Rac leads to the inactivation of Rho and
vice versa (Sander et al., 1999; Nimnual et al., 2003). In a
similar manner, PTEN might inactivate Rac to activate Rho,
such that both the PTEN and Wnt-signaling pathways may both
coordinate cell migration during Xenopus gastrulation. On the
other hand, the inactivation of PI3K by overexpression of an SH
domain-deleted p85 regulatory subunit has been shown to cause
a loss of the posterior structure (Peng et al., 2004). This defect
seems to be induced by the inhibition of the Wnt pathway
through GSK-3β activation. The present findings suggest that
there are different pathways for the regulation of gastrulation,
which is affected by both the PI3K pathway and the PTEN
pathway.
In summary, we demonstrated that adequate PTEN activa-
tion after MBT is required for coordinating the cell cycle
elongation with the progression of gastrulation. Further, this
coordinating system may play roles in several developmental
events, especially where complex regulation is required
between cell proliferation and morphogenesis.
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